Test results of twenty four reinforced concrete continuous deep beams are reported. The main variables studied were concrete strength, shear span-to-overall depth ratio and the amount and configuration of shear reinforcement. The results of this study show that the load transfer capacity of shear reinforcement was much more prominent in continuous deep beams than in simply supported deep beams. For beams having shear span-to-overall depth ratio of 0.5, horizontal shear reinforcement was always more effective than vertical shear reinforcement. The ratio of the load capacity measured and that predicted by the strut-and-tie model recommended by ACI 318-05 dropped against the increase of shear span-to-overall depth ratio. This decrease rate was more remarkable in continuous deep beams than that in simple deep beams. The strut-and-tie model recommended by ACI 318-05 overestimated the strength of continuous deep beams having shear span-to-overall depth ratio more than 1.0.
INTRODUCTION
Reinforced concrete deep beams are used in structures as load distribution elements such as transfer girders, pile caps and foundation walls in tall buildings. Although these members commonly have several supports, extensive experimental investigations have brought simple deep beams into focus.
The behaviour of continuous deep beams is significantly different from that of simply supported deep beams. The coexistence of high shear and high moment within the interior shear span in continuous deep beams has a considerable effect on the development of cracks, leading to a significant reduction in the effective strength of the concrete strut which is the main load transfer element in deep beams 1 . Indeed, few experiments [1] [2] [3] were carried out on continuous deep beams of shear span-to-overall depth ratio greater than 1.08. However the results of simple deep beams tested by Tan et al. 4 , and Smith and Vantsiotis 5 showed that the effectiveness of horizontal and vertical shear reinforcement on controlling diagonal cracks and load transfer critically shifted for shear spanto-overall depth ratios not exceeding 1.0. Therefore a reasonable evaluation of the influence of shear reinforcement on continuous deep beams having shear span-to-overall depth ratios less than 1.0 requires further investigation.
The current codes, ACI 318-05 6 , CSA-1994 7 , and FIP-Recommendations 1999 8 , and several researchers [9] [10] [11] have recommended the design of deep beams using the strut-and-tie model. In these strut-and-tie models, the main objective of shear reinforcement is to restrain the diagonal cracks near the ends of bottle-shaped struts and to give some ductility to struts. ACI 318-05 (Sec. allows the ultimate strength of beams predicted by the strut-and-tie model to be increased by 25%.
However, studies on the validity of the strut-and-tie model recommended by the ACI 318-05 are very rare even in simple deep beams 12, 13 .
This paper presents test results of twenty four two-span reinforced concrete deep beams. The main variables included concrete strength, shear span-to-overall depth ratio, and the amount and configuration of shear reinforcement. The influence of shear reinforcement on the ultimate shear strength in continuous deep beams was compared to that in the corresponding simple ones. The load capacity predictions of reinforced concrete continuous deep beams by the strut-and-tie model of ACI 318-05 were evaluated by comparison with test results.
RESEARCH SIGNIFICANCE
A great deal of research has focused on simply supported deep beams. Even the few tests on continuous deep beams were carried out on beams having shear span-to-overall depth ratio exceeding 1.0 and concrete strength of less than 35 MPa (5.0 ksi). Test results in this study clearly showed the influence of shear reinforcement on the structural behavior of continuous deep beams according to the variation of concrete strength and shear span-to-overall depth ratio. The ultimate shear strength of continuous deep beams and load transfer capacity of shear reinforcement were compared to those of the corresponding simple deep beams and the predictions obtained from the strut-and-tie model recommended in ACI 318-05.
EXPERIMENTAL INVESTIGATION
The details of geometrical dimensions and reinforcement of test specimens are shown in Table 1 and Fig. 1 . The main variables studied were compressive strength of concrete, ' c f , shear span-tooverall depth ratio, h a / , and the amount and configuration of shear reinforcement. Beams tested were classified into two groups according to the concrete compressive strength: L-series for design concrete strength of 30 MPa (4350 psi) and H-series for design concrete strength of 60 MPa (8700 psi). The shear span-to-overall depth ratios were initially designed to be 0.5 and 1.0 to allow comparison of current results with those reported by Yang 13 for simple deep beams. However h a / in H-series was increased from 0.5 to 0.6, as the capacity of beams having The beam notation given in Table 1 includes four parts. The first part refers to the concrete design strength: L for low compressive strength and H for high compressive strength. The second part is used to identify the shear span-to-overall depth ratio. The third and fourth parts give the amount of horizontal and vertical shear reinforcement, respectively: N for no shear reinforcement, S and T for shear reinforcement ratios of 0.003 and 0.006, respectively. For example, L5-SS is a continuous deep beam having design concrete strength of 30 MPa (4350 psi), shear span-to-overall depth ratio of 0.5, and both horizontal and vertical shear reinforcement ratios of 0.003.
All tested beams had the same section width and overall depth: the section width, 

, reinforcement ratios were kept constant in all beams as 1%, which were calculated from the non-linear FE analysis software 4 , to ensure no flexural yield of longitudinal reinforcement prior to failure of the concrete strut. The length of each span, L , varied according to h a / ratio as given in Table 1 . The clear cover to longitudinal top and bottom reinforcement was 35 mm (1.38 in.). The longitudinal bottom reinforcement was continuous over the full length of the beam and welded to 160×100×10 mm (6.3×3.9×0.39 in.) end plates. The longitudinal top reinforcement was anchored in the outside of the exterior support by 90° hook according to ACI 318-05. The vertical shear reinforcement was closed stirrups and the horizontal shear reinforcement with 90° hook was arranged along the longitudinal axis in both sides of the beams.
Material properties
The mechanical properties of reinforcement are given in Table 2 . All longitudinal and shear reinforcing bars were deformed bars with a 19 mm (0.75 in.) diameter having yield strength of 562 MPa (81.6 ksi) and a 6 mm (0.23 in.) diameter having yield strength of 483 MPa (70 ksi), respectively. The yield stress of 6 mm (0.23 in.) diameter reinforcement was obtained by 0.2 % offset method.
The ingredients of ready-mixed concrete were ordinary portland cement, fly-ash, irregular gravel of a maximum size of 25 mm, and sand. The water-binder ratios of L-series added with fly-ash of 12%
and of H-series added with fly-ash of 20% were 0.41 and 0.27, respectively. All specimens were cast in a vertical position in the same wooden mould. Control specimens which were 100 mm (3.94 in.) diameter × 200 mm (7.87 in.) high cylinder were cast and cured simultaneously with beams in order to determine the compressive strength. They were tested soon after the beam test. The results of the cylinder compressive strength given in Table 1 are the average value from testing nine cylinders.
Test set-up
Loading and instrumentation arrangements are shown in Fig. 2 . All beams having two spans were tested to failure under a symmetrical two-point top loading system with loading rate of 30 kN/min (6.7 klb/min) using a 3000 kN (675 klb) capacity universal testing machine (UTM). Each span was identified as E-Span or W-span as shown in Fig. 1 
Support settlements
Continuous deep beams are sensitive to differential support settlements causing additional moment and shear. To assess the effect of differential settlements on the beams tested, a linear 2-D FE analysis considering shear deformation effect was performed on the beams shown in Fig. 1 
EXPERIMENTAL RESULTS AND DISCUSSION

Crack propagation and failure mode
The crack propagation was significantly influenced by the shear span-to-overall depth ratio as shown in Fig. 3 and Table 3 . The crack pattern in L-series was similar to that in H-series, therefore it is not shown in Fig. 3 . For beams with h a / = 0.5, the first crack suddenly developed in the diagonal direction at about 40% of the ultimate strength at the mid-depth of the concrete strut within the interior shear span, and then a flexural crack in the sagging region immediately followed. The first flexural crack over the intermediate support generally occurred at about 80% of the ultimate strength, and its development height at failure was below 0.2 h . As the load increased, more flexural and diagonal cracks were formed and a major diagonal crack extended to join the edges of the load and intermediate support plates. A diagonal crack within the exterior shear span occurred suddenly near the failure load. Cracks in beams with h a / =1.0 developed in a different order from that described above for beams with h a / =0.5 as the first crack occurred vertically in the hogging zone, followed by a diagonal crack in the interior shear span, then a vertical crack took place in the sagging zone. Also diagonal cracks within the exterior shear span are seldom developed in beams with h a / =1.0. The influence of shear reinforcement on the first flexural and diagonal crack loads was not significant (see Table 3 ) as also observed in simple deep beams given in appendix A.
Just before failure, the two spans showed nearly the same crack patterns. All beams developed the same mode of failure as observed in other experiments 3 . The failure planes evolved along the diagonal crack formed at the concrete strut along the edges of the load and intermediate support plates. Two rigid blocks separated from original beams at failure due to the significant diagonal crack. An end block rotated about the exterior support leaving the other block fixed over the other two supports as shown in Fig. 3 .
Load versus mid-span deflection
The beam deflection at mid-span was less than that measured at For the same concrete compressive strength, the larger the shear span-to-overall depth ratio, the wider the diagonal crack width. Shear reinforcement had an important role in restraining the development of the diagonal crack width, which significantly depended on the shear span-to-overall depth ratio. The reduction of diagonal crack width was prominent in beams with horizontal shear reinforcement only or orthogonal shear reinforcement and with vertical shear reinforcement only when shear span-to-overall depth ratios were 0.5 and 1.0, respectively. For beams with h a / =1.0, a smaller diagonal crack width was observed in beams with vertical shear reinforcement only than in beams with orthogonal shear reinforcement, even though the total shear reinforcement ratio in these beams was the same ( )
Width of diagonal crack
. It seems to be possible to reduce the diagonal crack width by more than twice if shear reinforcement is suitably arranged according to the variation of shear span-to-overall depth ratio. 
Load transfer capacity of shear reinforcement
The shear strength of deep beams, n V , can be frequently described as follows: The load transfer capacity of shear reinforcement is dependent on the shear span-to-overall depth ratio, h a / . The load transfer capacity of vertical shear reinforcement was higher in beams having h a / =1.0 than those having h a / =0.5 as shown in Fig. 9 (a) . On the other hand, the load transfer capacity of horizontal shear reinforcement was higher in beams having h a / =0.5 than those having h a / =1.0 as shown in Fig. 9 (b control. In the current tests, horizontal shear reinforcement is more effective than vertical shear reinforcement for beams with shear span-to-overall depth ratio of 0.5 as shown in Fig. 8 and Fig. 9 .
Comparison with Current Codes
It has been shown by several researchers, Rogowsky et al 1 , Ashour 2 , and Tan et al. 4 , that the shear capacity prediction of reinforced concrete deep beams obtained from ACI 318-99 15 (unchanged since ACI 318-83) was unconservative. For the design of deep beams, ACI 318-05 has recommended the use of either nonlinear analysis or strut-and-tie model. Fig. 10 shows a strut-andtie model of continuous deep beams in accordance with ACI 318-05 Appendix A. The strut-and-tie model shown in Fig. 10 identifies two main load transfer systems: one of which is the strut-and-tie action formed with the longitudinal bottom reinforcement acting as a tie and the other is the strutand-tie action due to the longitudinal top reinforcement. As the applied loads in the two-span continuous deep beams are carried to supports through concrete struts of exterior and interior shear spans (see Fig. 10 ), the total load capacity of two-span continuous deep beams, n P , due to failure of concrete struts is The nodes at the applied load point could be classified as a CCC type, which is a hydrostatic node connecting both exterior and interior compressive struts. It was proved by Marti 10 that the width of the strut at a CCC node is in proportion to the principal stress normal to the node face to make the state of stress in the whole node region constant. The loading plate width can be subdivided into two parts in accordance with the ratio of the exterior reaction to the applied load,  , each to form the , and exterior shear spans, Comparisons between test results and predictions obtained from the strut-and-tie model recommended by ACI 318-05 as developed above are shown in Table 3 and Fig. 11 : Fig. 11 (a) for simple deep beams given in appendix A and Fig. 11 (b . Although Eq. (7) proposed by ACI 318-05 is recommended for deep beams having concrete strength of less than 40 MPa, the load capacity of H-series beams were also predicted using this equation to evaluate its conservatism in case of high-strength concrete deep beams. The mean and standard deviation of the ratio,
, between the experimental and predicted load capacities are 1.229 and 0.326, respectively, for simply supported deep beams, and 0.969 and 0.306, respectively, for two-span continuous deep beams as shown in Fig. 11 (b) . The ratio of the test result to prediction generally dropped with the increase of h a / ratio. This decrease rate was more remarkable in continuous deep beams than that in simple ones. Especially, the predictions for several continuous deep beams having h a / exceeding 1.0 were unconservative, even though the effectiveness factor used in the beams with either horizontal or vertical shear reinforcement was 0.6 regardless of the amount of shear reinforcement. In addition, for high-strength concrete continuous deep beams having h a / =1.0, the ratio,
, between the experimental and predicted shear capacity in the interior shear span were generally below 1.0, as given in Table 3 ; namely, the strut-and-tie model recommended by ACI 318-05 overestimated the shear capacity of high-strength concrete continuous deep beams having h a / =1.0,.
CONCLUSIONS
Tests were performed to study the influence of the amount and configuration of shear reinforcement on the structural behaviour of continuous deep beams according to the variation of concrete strength and shear span-to-overall depth ratio. The following conclusions are drawn:
1. In beams having shear span-to-overall depth ratio of 0.6, only horizontal shear reinforcement reached its yield strength with sharp increase of stress after the first diagonal crack. Whereas in beams with shear span-to-overall depth ratio of 1.0, only vertical shear reinforcement yielded.
2. For deep beams without shear reinforcement, the normalized ultimate shear strength was 26% lower in continuous beams than that in simple ones. However, when shear reinforcement was provided, the normalized ultimate shear strength in continuous deep beams matched that in simply supported deep beams.
3. The load transfer capacity of all shear reinforcement was much more prominent in continuous deep beams than that in simple ones. Horizontal shear reinforcement was always more effective than vertical shear reinforcement when the shear span-to-overall depth ratio was 0.5. However, vertical shear reinforcement was more effective for shear span-to-overall depth ratios higher than 1.0. Tables:   Table 1 -Details of test specimens 
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